Therefore, we have been investigated a new process for producing optically active 2-arylpropionic acids from racemic 2-arylpropionitriles by the action of microorganisms.
There have been reports on the production of optically active compoundssuch as amino acids2'3) or 2-hydroxyacids4) from the corresponding nitriles by various microorganisms.
However, no nitrile-hydrolyzing enzyme is knownfor the production of optically active organic acids, 2-arylpropionic acids in partic-1459 ular.
In our previous paper,5) we reported the isolation of microorganisms that produce optically active 2-arylpropionic acids from the corresponding nitrite compounds. One of them, Acinetobacter sp. AK 226, converted racemic In this paper, we report the purification and properties of a nitrilase from Acinetobacter sp. AK226 that can hydrolyze racemic Ibu-CN to S-( -+-)-ibuprofen.
Materials and Methods
Chemical. Ibuprofen was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). iW-(±)-2-(4'-Isobutyiphenyl)propionamide (Ibu-CONH2), Ibu-CN, and R-( + )Ĩ bu-CN were synthesized as described previously. 5 1000ml of tap water, pH 7.2. A culture in 5ml of the same culture mediumwas inoculated into 50ml of the medium in a 500-ml shake flask and cultivated at 32°C with reciprocal shaking at 250rpm. After 20hr of cultivation, the cells were harvested by centrifugation at 10,000 x g at 5°C and then washed with 0.01 m potassium phosphate buffer, pH 6.5. The yield of wet cells was approximately 20 g/l medium.
Enzyme assay. Nitrilase was assayed in a reaction mixture (l ml) containing 4.8^mol of Ibu-CN, 100//mol of potassium phosphate buffer, pH 8.0, and an appropriate amount of the enzyme. The reaction was done at 30°C for 30min and stopped by adding 0.2ml of 80% acetic acid to the reaction mixture. The amount of ibuprofen formed in the reaction mixture was measured as described previously.5) Alternatively, the ammonia formed was measured by the method of Fawcett and Sott.6) One unit of the enzyme activity is defined as the amout of enzyme liberating 1 /imol of ibuprofen or ammonia permin in the reaction mixture.
Analysis. Protein was measured by the method of Lowryet al.1] with bovine serum albumin as a standard.
The optical purities of Ibu-CN and ibuprofen were measured as described previously.5)
Purification of nitrilase. All purification procedures were done at 0-5°C. The buffer solution used throughout was 0.01-0.1m potassium phosphate buffer, pH 6.5. Protein solutions were routinely concentrated by membrane filtration using a Diaflo Cell 8050 (Amicon Co.) with a XM300membrane.
Step 1. Preparation of a cell-free extract. Washed cells (40g) from 2 1 of culture broth were suspended in 160ml of0.03 Mbuffer, and disrupted by sonication using a Sonic 300 Dismembrator (Artex Systems Co.) at maximum amplitude for a total duration of 30min. The cell debris was removed by centrifugation at 12,000 x g for 20min.
Step 2. Ultracentrifugation.
The enzyme solution was centrifuged at 100,000 x g for 2hr at 3°C in a RP50-2 rotor with a 55p-72 Himac Centrifuge (Hitachi Co., Japan). The supernatant solution was collected and dialyzed overnight against 0.05 m buffer.
Step 3. First DEAE-cellulose column chromatography. The dialyzed solution was put on a DEAE-cellulose column (2.5 x 37 cm) equilibrated with 0.05 m buffer. After washing the column with the same buffer (350ml), the enzyme was eluted with a linear gradient of NaCl in the same buffer (0-0.5 m, 1,000ml). The active fractions were combined, concentrated by membrane filtration, and dialyzed overnight against 0.01 m buffer.
Step 4. First hydroxyapatite column chromatography. The dialyzed solution was put on a hydroxyapatite column (1.7 x 17cm) equilibrated with 0.01 M buffer. The enzyme was eluted with a linear gradient of the buffer (0.01-0.3 m, 400 ml). The active fractions were combined, concentrated, and dialyzed overnight against 0.05 m buffer.
Step 5. Second DEAE-cellulose column chromatography. The dialyzed solution was put on a DEAEcellulose column (2.5 x 35cm) equilibrated with 0.05m buffer. The enzyme was eluted with a linear gradient of NaCl in the same buffer (0-0.4m, 600ml). The active fractions were combined, concentrated, and dialyzed overnight against 0.01m buffer.
Step 6. Second hydroxyapatite column chromatography. The dialyzed solution was put on a hydroxyapatite column (1.7 x 17cm) equilibrated with 0.01 m buffer. The enzyme was eluted with a linear gradient of the buffer (0.01-0.2 M, 400ml). The active fractions were combined and concentrated.
Step 7. Sephacryl S-400 column chromatography. The concentrated solution was put on a Sephacryl S-400 column (1.8 x 73cm) equilibrated with 0.05m buffer. The rate of column elution was kept at 6ml/hr. The active fractions were combined.
Analytical methodfor the nitrilase. SDS-PAGEwas done in 10% polyacrylamide slab gels using the Tris-glycine buffer system.8) The molecular weight of the subunit of the enzymewas calculated from the relative mobilities of standard proteins.
The molecular weight of the enzymewas measuredby HPLC. HPLCwas done with a Toyosoda CCPMsystem equipped with Asahipak GS-620 (Asahi Chemical Ind. Co.
Ltd., Japan) using a solvent system of 0.1m sodium phosphate buffer (pH 7.0) containing 0.3 M NaCl at a flow rate of l.Oml/min. The molecular weight of the enzyme Amino acid sequencing. The purified enzyme was used for aminoterminal amino acid sequence analysis by automated Edman degradation with an Applied Biosystems 470A gas-phase protein sequencer. The phenylthiohydantoin amino acid derivatives were separated and identified by an on-line phenylthiohydantoin analyzer model 120A (Applied Biosystems).
Amino acid sequences of subunits were also analyzed after separating on SDS-PAGE and extracting with 10mM ammonium hydrogen carbonate (pH 7.9) from the gel. 
Purification of nitrilase
The nitrilase in Acinetobacter sp. AK226 was puried 4.41-fold by using the procedures described in Materials and Methods as summarized in Table I .
The purified preparation after Sephacryl S-400 column chromatography showed only one protein peak in complete agreement with that of the enzyme activity on hydrophobic columnchromatography using Phenyl-Sepharose CL-4B. Isoelectric chromatofocusing chromatography of the same preparation also yield- 14. The homology of these sequences was displayed with the underline. ed only one protein peak (p/ 3.99). Each protein peak on the two chromatographies found to hold the initial specific activity, suggesting that the enzyme was purified to homogeneity. However, the purified enzyme showed two protein bands on SDS-PAGEas shown in Fig. 1 : the molecular weights of the two bands were estimated as 43,000 and 41,000, and the ratio of proteins on the basis of intensity of the stained bands was about 4: 1. Since the two proteins appeared to have the sameamino-terminal amino acid sequence as described below, they might represent the same subunit with few, if any, differences. It remained to be solved whether the minor protein originated from the initial cell extract or was derived from the major protein secondarily in the course of purification.
Molecular weight and subunit structure
The molecular weight of the enzyme was 580,000 on gel filtration by HPLC. By taking account of this together with the result of SDS-PAGE, the enzymeappears to consist of a number of subunits like enzymes from Nocardia species,9'10) Fusarium solani,1^and Fusarium oxysporum f. sp. melonis12) in which active high-molecular-weight aggregates are formed. The nitrilase in this study did not dissociate into its constituent subunits in the absence of substrate and did not show anomalous kinetic behavior as shown in enzymes from Nocardia sp.9) and Arthrobacter sp. J-l. 13) The enzyme contained no substance showing any absorbance in the visible region of 350-850nm. No other peak than that at 280nm appeared in the ultraviolet region of 250-350nm.
Amino-terminal amino acid sequence
The result of the amino-terminal amino acid sequencing of the purified enzyme is presented in Fig. 2 . The disclosed sequence was partly homologous to that of an enzyme from Klebsiella pneumoniae subsp. ozaenae. 14) When the two protein bands on SDS-PAGEof the purified enzyme were extracted separately and their amino-terminals sequenced, both the sequences showed a perfect match with that of the purified enzyme.
Substrate specificity The ability of the enzyme to catalyze the hydrolysis of various nitriles was examined as shown in Table  II . Many aliphatic nitriles were hydrolyzed at a considerable rate, and among them acrylonitrile was the most suitable substrate. The enzyme also attacked the aliphatic nitriles substituted with a chloro, hydroxy, amino, methoxy, or phenoxy group, and it also hydrolyzed the compoundssubstituted with an aromatic or heterocyclic group such as benzyl cyanide and thiopheneacetonitrile.
The activity against Ibu-CN, on the other hand, was 
Effects of pHand temperature
The effects of different pHs on the activity ofnitrilase were studied as shown in Fig. 3(A) .
Around pH 8.0 the enzyme had its maximum activity, which was reduced gradually or rapidly at lower or higher pHs, respectively. The optimum temperature for the enzyme reaction was around 50°C and the activity was reduced drastically above 65°C, probably because of inactivation of the enzyme ( Fig.   3(B) ).
Stab ility
Thermal inactivation studies with the purified enzyme were done in 0.1m potassium phosphate buffer from pH 5.8 to 8.0 at 60°C for 1 hr. The results (not shown) indicate that the enzyme is fairly stable by holding 79 (pH 5.8) to 67% (pH 8.0) of the activity after the treatment. The purified enzyme could be stored at least for 1 year in 0.05m potassium phosphate buffer (pH 6.5) at -20°C without a loss of activity.
Inhibitors
Various compounds were investigated for their effects on the enzyme activity (Table III) Production of S-( + )-ibuprofen by the purified enzyme The course of ibuprofen production from and ammonia (A) were analyzed as described in Materials and Methods. The amount of Ibu-CN was reduced rapidly until it reached about 50% of the inital concentration, and after that the reaction appeared to be attenuated. Identical molar concentrations ofibuprofen and ammoniawere produced in a manner corresponding to the decrease in the amount of Ibu-CN. Ibu-CONH2 was not detected at any time, indicating the reaction was catalyzed by a nitrilase. Table IV 
Discussion
The nitrilase in Acinetobacter sp. AK226 was purified 4.41-fold with a yield of 20.1% from the cell-free extract. This means that an enormousamountof the nitrilase corresponding to 23%of the soluble protein was produced in the cells grown under the present condition using ammonium acetate as a carbon source. As reported in our previous paper,5) a good growth with a high enzyme activity was obtained by using ammonium acetate, acetonitrile, isobutyronitrile, or w-butyronitrile as a carbon source. Nitrile compounds appear to be nonessential for induction of the nitrilase, but most conditions and factors responsible for such a high experssion of the enzymeremain to be investigated.
Nitrilases from two species of Nocardia sp. It is unclear whether a thiol group is involved in the reaction with this enzyme, since some thiol reagents such as phenylmercuriacetate inhibited the enzymatic activity but some others such as N-ethylmaleimide did not. A similar result has been reported on the nitrilase from Fusarium oxysporum. 12) It awaits further careful studies to see if our enzyme follows the above model. The amino-terminal amino acid sequence of this enzymeshoweda considerable homology to that of the Klebsiella pneumoniae nitrilase, 14) though the two enzymesdo not appear to have common features in molecular conformation and substrate profile. Comparison of the two enzyme on the molecular basis might present interesting evidence of the structure-specificity relationships of nitrilases. The time course of S-{ + )-ibuprofen production from racemic Ibu-CN showed that the nitrilase is highly specific to the S-enantiomer of Ibu-CN. This was also confirmed by the observation that the activity of hydrolysis of racemic Ibu-CN was 180-fold higher than than for R-(+)-Ibu-CN. To our knowledge this is the first report to show that a nitrilase has an enantioselective activity for a nitrile compound.
As mentioned in our previous paper,5) the high enantioselective activity of the nitrilase provides a simple and efficient process for producing S-(+)-ibuprofen from racemic
Ibu-CN, which is a precursor of racemic ibuprofen in a chemical production process.
There maybe many nitrilases having a diversity of enantioselectivity to their substrates besides our particular enzyme. Since many organic acids of commercial importance are chemically synthesized from the corresponding nitrile compounds, enzymatic processes using a nitrilase should be developed for the industrial production of a variety of optically active organic acids.
